Rainfall samples were collected during the 2003 and 2004 growing seasons at four agricultural locales across the USA in Maryland, Indiana, Nebraska, and California. Th e samples were analyzed for 21 insecticides, 18 herbicides, three fungicides, and 40 pesticide degradates. Data from all sites combined show that 7 of the 10 most frequently detected pesticides were herbicides, with atrazine (70%) and metolachlor (83%) detected at every site. Dacthal, acetochlor, simazine, alachlor, and pendimethalin were detected in more than 50% of the samples. Chlorpyrifos, carbaryl, and diazinon were the only insecticides among the 10 most frequently detected compounds. Of the remaining pesticide parent compounds, 18 were detected in fewer than 30% of the samples, and 13 were not detected. Th e most frequently detected degradates were deethylatrazine; the oxygen analogs (OAs) of the organophosphorus insecticides chlorpyrifos, diazinon, and malathion; and 1-napthol (degradate of carbaryl). Deethylatrazine was detected in nearly 70% of the samples collected in Maryland, Indiana, and Nebraska but was detected only once in California. Th e OAs of chlorpyrifos and diazinon were detected primarily in California. Degradates of the acetanilide herbicides were rarely detected in rain, indicating that they are not formed in the atmosphere or readily volatilized from soils. Herbicides accounted for 91 to 98% of the total pesticide mass deposited by rain except in California, where insecticides accounted for 61% in 2004. Th e mass of pesticides deposited by rainfall was estimated to be less than 2% of the total applied in these agricultural areas.
Pesticides in Rain in Four Agricultural Watersheds in the United States
Jason R. Vogel,* Michael S. Majewski, and Paul D. Capel USGS M ore than 200 agricultural chemicals (Th elin and Gianessi, 2000) are used each year in the production of food and fi ber. Th ese chemicals include natural elements such as sulfur, compounds based on naturally occurring products such as pyrethroid insecticides, and synthetic chemicals such as organophosphorus insecticides and triazine herbicides. Pesticide application methods vary and can strongly aff ect how much of the applied chemical reaches the target site and how much escapes into the atmosphere (Majewski and Capel, 1995) . Pesticides also have the potential to enter the atmosphere through volatilization from soil and plant surfaces and through wind erosion (Bedos et al., 2002) . Once in the atmosphere, a pesticide may partition between the gas and particle phases, undergo photochemical transformation reactions, be transported downwind, and perhaps return to the Earth's surface by wet (rain, snow) and dry (particle settling or impaction) depositional processes. Rainfall is an effi cient mechanism for cleansing the atmosphere of these pollutants through the processes of rainout and washout (Bidleman, 1988 (Bidleman, , 1999 Majewski and Capel, 1995) . Rainout occurs when droplets acquire the contaminant from within the cloud as water vapor condenses around particles or aerosols or by the gas-phase material partitioning into the coalesced water droplet. Washout occurs when the falling droplets intercept and scavenge particles and gas-phase material below the cloud as they fall.
Th e pesticide content in rain has been studied in a number of environments around the world and has been reviewed through 1992 and 1998, respectively, by Majewski and Capel (1995) and Van Dijk and Guicherit (1999) . Many other studies in North America have been reported recently (Miller et al., 2000; Th urman and Cromwell, 2000; Park et al., 2001 Park et al., , 2002 Carlson et al., 2004; Aulagnier and Poissant, 2005; Goel et al., 2005; Waite et al., 2005) , as have studies in Europe (Charizopoulos and Papadopoulou-Mourkidou, 1999; Polkowska et al., 2000; De Rossi et al., 2003; Asman et al., 2005) .
Th is paper compares the spatial and temporal patterns of the occurrence of a large number of current-use pesticides and selected degradates in rain during two growing seasons at four locations across the USA (Capel et al., 2008) . Study locations in the East and Midwest (Maryland, Indiana, Nebraska) are dominated by corn and soybean row crops, whereas cropland in the West (California) is dominated by almonds and vineyards with some corn and dairy. A more complete description of the watersheds can be found in Capel et al. (2008) . Th e target chemicals (42 parent pesticides and 40 degradates) represent broad spectrums of pesticide classes, physical/chemical properties, usage amounts, and application rates and methods. Th is is the fi rst study of current-use pesticides in rain that includes a large number of degradates as target chemicals. For each of the studied watersheds, the loads of individual pesticides in the rain were calculated and compared with the estimated application amounts of the same pesticides in the watersheds at three diff erent scales (local, intermediate, and broad) to illustrate the importance of the atmosphere in the overall mass transport of pesticides in the environment.
Materials and Methods
Rainfall samples were collected at single locations in small, well defi ned, intensively agricultural watersheds in Maryland, Indiana, Nebraska, and California during the 2003 and 2004 growing seasons. Th e specifi c sampling location in each watershed was chosen to meet the criteria of the National Atmospheric Deposition Program (Bigelow et al., 2001) . Th e rainfall samples were collected using modifi ed AeroChemetrics (Bushnel, FL) samplers, which collected wet deposition only. Th e modifi cations included collecting the rainfall in a Tefl on-lined bucket that drained into a clean, glass carboy held in a refrigerator below the rain sampler. Th e rain was collected as a weekly integrated sample during the months of March through August or September, except in California, where rain was collected on an individual-event basis (primarily during December through March) because of the infrequency of rainfall. Weekly integrated samples were used at some sites for this project to obtain larger sample volumes (as opposed to single storm events) and to cut down on analytical costs on sites that have many storm events. As a result, the resolution of looking at individual storms was lost, and there was a potential for volatilization during the week-long refrigerated storage on site. Compounds with a Henry's Law constant of <10 −2 atm m 3 /mole, however, lose <1% of their mass through volatilization in 7 d (which includes all compounds analyzed in this study) (Capel and Larson, 1995) . Biological degradation in the refrigerated rainfall samples was assumed to be negligible. A fully instrumented meteorological station was co-located with the rain sampler to quantify the meteorological conditions, including rainfall amounts, during the study.
Rain samples were fi ltered through a Supor (Pall Corporation, East Hills, NY) membrane fi lter (0.45 μm pore diameter), split, and transferred to amber glass bottles that were shipped on ice overnight to USGS laboratories for analysis. Th e pesticides were isolated from the water by solid-phase extraction and analyzed using gas chromatography-mass spectrometry and high-performance liquid chromatography-mass spectrometry. Th e target chemicals included 21 insecticides, 18 herbicides, three fungicides, and 40 degradates (see Capel et al. [2008] for a complete listing of parent and degradate pesticides and selected pesticide properties). Th e surrogates diazinon-d10 and alpha-HCH-d6 were spiked into each rain sample at the laboratory, with mean recoveries of 102% and 90%, respectively. More complete details on the sampling, analytical, and qualitycontrol methods can be found in Capel et al. (2008) .
Pesticide use estimates were compiled for each of the study areas for three diff erent areal scales (Capel et al., 2008) . Th e areas comprising the three diff erent scales in Indiana, Nebraska, and California corresponded to nested watersheds surrounding the sampling site and were deemed appropriate to represent pesticide use because of the consistent agricultural land uses in these areas. Table 1 shows the overall frequency of detection for pesticide parent compounds from all four sites along with their national use ranking (among registered active ingredients, both organic and inorganic) for the target parent pesticides in 2003 and 2004 . With a few exceptions, pesticides detected in 2003 also were detected in 2004. Th e 10 most frequently detected pesticides in rainfall were detected at every sampling site across the country at frequencies ranging from 83% for metolachlor to 34% for diazinon. Seventeen compounds were detected in fewer than 30% of the samples, and 13 compounds were not detected.
Results and Discussion

Pesticide Occurrence and Concentrations
Herbicides were the most frequently detected type of pesticide. Two herbicides (metolachlor and atrazine) were detected at every site and were usually among the three most frequently detected pesticides in rain at the sites. Four other herbicides (acetochlor, alachlor, pendimethalin, and simazine) were consistently detected. Th e herbicide dacthal also was among the 10 pesticides most frequently detected at all sites, but usually at low concentrations. Dacthal is used on many types of vegetable crops, nonagricultural ornamental plants, and cotton.
Chlorpyrifos, carbaryl, and diazinon were the most frequently detected insecticides during this study. Of the pesticides analyzed, the top seven most used compounds nationally were also among the 11 most frequently detected in rain.
Maryland
Agricultural products in the Maryland study area were a mixture of dairy, corn, sweet corn, soybean, and alfalfa. Metolachlor, atrazine, and simazine were the only herbicides reportedly used in ‡ All reported concentrations, even those less than the laboratory reporting limit (LRL), were used for calculating the summary statistics and detection frequencies. The LRLs of the diff erent pesticides are not all the same and make the direct comparisons of detection frequencies of diff erent pesticides somewhat ambiguous. Using a common LRL for all pesticides creates a substantial loss of information. § From Martin et al. (2002) . ¶ Out of 220; from Thelin and Gianessi (2000) . # Of the 34 that were analyzed and that were in the rankings; from Thelin and Gianessi (2000) .
the immediate area around the rain sampler (Capel et al., 2008) . Metolachlor was detected in every sample, with the largest concentrations occurring during late April through the end of May, concurrent with the planting of corn and soybeans ( Fig. 1 ; Table  2A ). Th is same seasonal pattern occurred for atrazine and simazine. Th e concentrations of simazine in rain were much lower than those of metolachlor or atrazine despite similar reported use amounts of these three herbicides in the local-scale watershed. Th is can be explained primarily by the vapor pressure of simazine (2.95 × 10 −6 Pa at 25°C), which is three orders of magnitude lower than metolachlor's (4.19 × 10 −3 Pa at 25°C) and one order of magnitude less than atrazine's (3.85 × 10 −5 Pa at 25°C). With few exceptions, the metolachlor concentrations in rain were greater than those of atrazine, even though the use of atrazine was greater than metolachlor at the local scale. Because the vapor pressure of metolachlor is two orders of magnitude higher than that of atrazine, more of the applied metolachlor volatilizes into the lower atmosphere. In addition, metolachlor use on the intermediate-and broad-scale watersheds was nearly twice that of atrazine, so atmospheric transport of all these herbicides from the surrounding areas into the sampling area cannot be discounted as a factor favoring metolachlor concentrations in the rain samples. Glotfelty et al. (1990) showed that alachlor and metolachlor were transient in the atmosphere and susceptible to rapid vapor-phase degradation and that atrazine and simazine were long-lived in the atmosphere and susceptible to regional-and long-range atmospheric transport.
Th ree other herbicides used on corn and soybeans-pendimethalin, acetochlor, and alachlor-were detected in the rainfall. Although no applications were reported in the local-scale watershed during the study, all three of these herbicides were used on the intermediate-and broad-scale watersheds. Th e maximum concentrations for all of these herbicides followed the same temporal trends as were seen with metolachlor, atrazine, and simazine, with the highest concentrations occurring in April and May of each year, concurrent with the planting of crops in the area.
Dacthal had no reported agricultural use in the local-scale area and only minimal agricultural use (0.15 Mg yr −1 was reported in the broad-scale area, but there may have been unreported usage in commercial nurseries near the study site). Dacthal was detected in 74% of the samples but at low concentrations (maximum: 0.009 μg L 
Indiana
Th e primary crops in the Indiana study area were corn, soybeans, and alfalfa. Th e rain sampling site was in an agricultural area on a fence-line between a corn fi eld and a soybean fi eld (rotated oppositely in each fi eld). Pesticide use in the local-scale watershed in 2003 consisted primarily of atrazine (245 kg) and chlorpyrifos (103 kg) with minor amounts of metolachlor (5 kg) and acetochlor (3 kg). None of these and none of the other targeted pesticides that were analyzed was reportedly used in the local-scale area in 2004.
Th e herbicides atrazine, acetochlor, and metolachlor were detected in >80% of all samples (Table 2B ) and in every sample collected in 2003. Th e greatest concentrations were detected between mid-April and mid-June, which corresponded to the period of application ( Fig. 2 ; Table 2B ).
In 2003, acetochlor use in the local-scale watershed was much less than atrazine use, and the median acetochlor concentration was about half that of atrazine in 2003 (0.069 and 0.16 μg L −1 , respectively). During the two time periods in 2003 when the greatest atrazine concentrations occurred, the corresponding acetochlor concentrations were also the highest. Th e acetochlor concentrations during the rest of both seasons were nearly equivalent to those of atrazine, but the concentrations decreased more rapidly in June and July (Fig. 2) , as would be expected because acetochlor, similar to alachlor, has a shorter atmospheric residence time than does atrazine. In 2004, atrazine and acetochlor were frequently detected at nearly the same concentrations as in 2003 despite no reported use in the local-scale area. Metolachlor concentrations and detection frequencies followed the same temporal pattern as atrazine and acetochlor, but the maximum and median concentrations were considerably less. Th e reported use for metolachlor in the local-scale watershed in 2003 was low (5 kg) and similar to that of acetochlor. For the intermediate-and broad-scale watersheds, metolachlor was widely used and nearly equivalent to atrazine. Th e use of all three of these herbicides outside the local-scale watershed made a substantial contribution to the observed concentrations of these herbicides in rain, especially in 2004. Th ree other herbicides that had no reported use in the local-scale watershed but had >50 Mg yr −1 use in the broad-scale watershed were pendimethalin, alachlor, and dimethenamid. Pendimethalin was detected in only 31% of the samples, mostly in 2003, and was detected only twice in 2004 (Table  2B) . Concentrations of pendimethalin were considerably lower than those of atrazine or acetochlor, with the exception of the 29 Apr. 2003 sample (0.48 μg L −1 ). Because pendime- , respectively) was less than half that of pendimethalin (3.6 and 220 Mg yr −1 , respectively), alachlor's detection frequency and median concentration were greater (Table 2B) , probably because of the diff erence in their physical/chemical properties. Th is means that pendimethalin sorbs more strongly to soil and is less likely to volatilize. It also means that airborne pendimethalin is more likely to partition onto particles. Dimethenamid was not detected in 2003 and was detected only twice in 2004. Th ere is little information available in the literature on the physical and chemical properties or the environmental fate of dimethenamid.
Chlorpyrifos was the only insecticide reportedly used in the local-scale watershed in 2003 (103 kg yr −1 ). Overall, chlorpyrifos was detected in 54% of all samples collected (Table 2B) . Th e number of chlorpyrifos detections in 2004 (when there was no reported use in the local-scale watershed) dropped off significantly, with detections in 21% of the samples. Th ese data indicate that chlorpyrifos may not be transported as far as atrazine and acetochlor partially because of photochemical degradation. Several other insecticides that had no reported use in the local-scale watershed were detected in rain, including malathion (54%), diazinon (31%), carbaryl (25%), and phosmet (20%) ( Table 2B) .
Nebraska
Th e primary crops grown in the Nebraska study area were corn, soybeans, and alfalfa. Two herbicides (acetochlor and atrazine) and one insecticide (chlorpyrifos) had reported use at all three study-area scales in 2003 and 2004. Metolachlor, atrazine, and acetochlor were the most heavily used herbicides in the broad-scale watershed (473, 462, and 204 Mg yr −1 , respectively). Compared with 2003, the amounts of atrazine and acetochlor used in the local-scale watershed were greater in 2004 (15 kg compared with 12 kg and 38 kg compared with 31 kg, respectively). Th is usage was refl ected in the detection frequency and concentrations of these herbicides in rain (Fig. 3) . Th e acetochlor concentrations in April and May 2004 were the highest recorded at any of the four sites in this ) (Table 2C) . Th e highest concentrations of atrazine and acetochlor were observed in a small rain event that occurred shortly after herbicide application to nearby fi elds.
No trifl uralin was reportedly used in the local-scale watershed in 2004, yet the detection frequencies and concentrations were generally similar to 2003, when it was used (Fig. 4) . Th e herbicides dacthal, metolachlor, and alachlor were frequently detected (>50%) but had no reported use in the localscale watershed. Dacthal had no reported use at any watershed scale, and detected concentrations were low (Fig. 4) . Even though the intermediate-scale use for metolachlor (37 Mg yr −1 ) was nearly fi ve times higher than alachlor (7.8 Mg yr −1 ), the overall detection frequencies for metolachlor and alachlor were similar. Th e 2004 concentrations and detection frequencies were signifi cantly greater than in 2003 for both herbicides (Fig. 5) . Less frequent and generally smaller rainfall events during and after the application period in 2003 were probable factors.
Chlorpyrifos was the most frequently detected insecticide at the Nebraska site (74%) (Table 2C) and was the only insecticide applied in the local-scale watershed. In contrast to the herbicides, the highest concentration was detected in August, late in the growing season. Th e insecticides methyl parathion, carbaryl, and malathion had reported use in the intermediate-and broad-scale watersheds, but their detection frequencies and concentrations in rain were low (Table 2C) . Terbufos was not detected in any rain sample, yet it was the most widely used organophosphorus insecticide in the intermediate-and broad-scale watersheds (4.5 and 57 Mg yr −1 , respectively). Terbufos is known to degrade quickly in soil (t 1/2 = 5 d), which may explain its absence in the rain.
California
Th e California site contrasted with the other three study sites in that a wide variety of crops were grown (grapes, almonds, corn). Additionally, the growing season and associated pesticide use were reported throughout the year. As is typical, December through March was the rainy season, and rainfall rarely occurred during the summer months. A third diff erence was that three sites (referred to as upper, middle, and lower, corresponding to their position in the watershed) were sampled instead of one, and the rain samples were event samples rather than weekly composites. For purposes of discussion in this paper, Insecticides were used more frequently than herbicides in this study area, although both were used extensively. Nine pesticide parent compounds were detected in more than 50% of the samples: four herbicides, three insecticides, and two fungicides (Table 2D) , which was much lower than the other highly used herbicides. Trifl uralin is relatively volatile (vapor pressure, 0.0147 Pa at 25°C), is usually incorporated into the soil at the time of application, and is photoreactive (Woodrow et al., 1978; Mongar and Miller, 1988; Soderquist et al., 1975; Woodrow et al., 1983) , which may account for its low detection frequency and concentrations in rain.
Pendimethalin and dacthal had no reported use in the local-scale watershed, but both were used in the intermediate-and broad-scale areas. Pendimethalin had the second-highest use of all herbicides in the broad-scale area (30 Mg yr . Of the herbicides commonly used on corn and soybeans and detected at the other three study sites (acetochlor, alachlor, atrazine, and metolachlor), none were reportedly used in the local-scale watershed, and there was minimal or no reported use in the intermediate-and broad-scale watersheds. Atrazine was detected in only one sample, and alachlor and acetochlor were detected in none of the samples. Metolachlor was detected in 61% of the rain samples collected from the California site but at low concentrations (only 17% of samples >0.01 μg L
−1
). Th e insecticides diazinon, chlorpyrifos, and carbaryl were detected in more than 70% of the samples; diazinon was present in all of them. All three of these insecticides are typically applied on various crops throughout the year. Major applications of diazinon and chlorpyrifos occurred in January and February for over-wintering insect control in dormant orchards. Chlorpyrifos and carbaryl typically are applied to other crops during this time.
Chlorpyrifos was the most-applied insecticide in the local-, intermediate-, and broad-scale study areas. Diazinon was not used in the local-scale watershed, and its total use in the broad-scale area was about one third that of chlorpyrifos, yet concentrations of diazinon in rain were almost always greater. Diazinon and chlorpyrifos have moderate vapor pressures (3.33 × 10 −4 and 2.27 × 10 −3 Pa at 25°C, respectively [Capel et al., 2008] ), and both are estimated to have short half-lives in air (4.1 and 6.3 h, respectively [Howard et al., 1991] ). Diazinon typically has a longer soil half-life than does chlorpyrifos (30 compared with 100 d), which would make it available to move into the atmosphere over a longer period of time. Carbaryl is used as a dormant orchard insecticide but is also used on rice, fruit trees, vegetables, grapes, and in nonagricultural areas (California Department of Pesticide Regulation, 2004) . Th e vapor pressure of carbaryl is similar to diazinon (1.60 × 10 −4 Pa at 25°C), but carbaryl has a shorter typical soil half-life (10 d). Carbaryl undergoes photochemical degradation at a much slower rate than do the other two insecticides (Brahmia and Richard, 2003) . Carbaryl was observed in every air sample over a growing season in an agricultural area (grapes, fruit trees, and corn) in Washington (Ohrt et al., 2006) . Th e fungicides iprodione and myclobutanil were used in California to a much greater extent than in the other study areas (Capel et al., 2008) . Only iprodione had any reported use in the local-scale watershed and was detected in 83% of the samples (Table 2D) . Th e highest concentrations occurred during February of both years (Fig. 6) , with an estimated median concentration of 0.074 μg L −1 . Myclobutanil, which was not used in the local-scale watershed, was detected in 74% of the rain samples but only in February through April because it is used only after the almond trees bud. Th e median concentration of myclobutanil was 0.014 μg L −1
. Th e physicochemical properties of both fungicides are similar (Capel et al., 2008) . Iprodione was applied in greater quantities than myclobutanil at all watershed scales. 
Pesticide Degradates
Pesticides released into the environment are acted on by a number of natural processes that can transform or degrade them into other compounds. In the atmosphere, these processes include reactions with sunlight (photolysis), with other airborne contaminants like ozone and hydroxyl radicals (oxidation), and hydrolysis. Th e resulting transformation products (commonly referred to as degradates) generally are more water soluble than the parent and usually less toxic. Degradates of some pesticides, notably organophosphate insecticides like chlorpyrifos, are much more toxic than the parent compound (Wu and Laird, 2003) .
Th e samples collected in this study were analyzed for 40 degradates. Th e most frequently detected were deethylatrazine (DEA) (from atrazine), chlorpyrifos oxygen analog (OA), diazinon OA, malathion OA, and 1-napthol (primarily from carbaryl). Th ree distinct patterns emerged from analysis of the degradate data. First, DEA was detected in about two thirds of the samples collected at the Midwestern and Eastern study sites (Maryland, 59%; Indiana, 73%; and Nebraska, 75%), but DEA was detected only once in California. Th e occurrence of DEA in rain samples mirrors the use of atrazine at the study sites. Second, detections of the OAs of chlorpyrifos, diazinon, and malathion occurred primarily in California. Malathion OA also was detected in samples from Indiana (36%) and Nebraska (18%), but chlorpyrifos OA was rarely detected at the Midwestern and Eastern sites, and diazinon OA was not detected. Th e detection frequencies and concentrations of the detected OA degradates usually refl ected the amount of the parent compound used. Th ird, degradates of the acetanilide herbicides (acetochlor, alachlor, and metolachlor) were rarely detected in rain. Th e ethane sulfonic acid, oxanilic acid, and the sulfynil acetic acid degradates of the acetanilide herbicides are frequently found in surface and ground waters at relatively high concentrations (Scribner et al., 2004) . Th e formation of these degradates is a microbially mediated process (Barbash, 2003) that would not be expected to occur in the atmosphere or falling rain droplets. Because these compounds are organic acids, they do not undergo volatilization in their ionic forms from soil or surface water.
Th e degradate fraction is the molar ratio of a degradate to its parent compound plus all degradates. Th e degradate fraction is calculated using Eq. [1] and molar units for all concentrations. Th is equation assumes a stoichiometric degradation and makes no assumptions about how the parent compound degrades.
Th e degradate fraction can be used to investigate the behavior of a degradate relative to its parent. In the situation where data are available for a parent pesticide and only one of its degradates, a degradate fraction equal to unity means that only the degradate is present and that no parent pesticide was detected (assuming a unique parent pesticide). Conversely, a degradate fraction of zero means that only the parent compound was present and that no degradate(s) was detected. For the situation in which multiple degradates are analyzed, a degradate fraction equal to one indicates that only the degradate of interest is present. If multiple degradates are analyzed and the degradate fraction equals zero, then there is no degradate(i). Th ere may be other degradates or the parent pesticide present. Figure 7 shows the degradate fraction for DEA in the Maryland, Indiana, and Nebraska rain samples and the cumulative rain- Th e degradates chlorpyrifos OA, malathion OA, diazinon OA, and 1-naphthol were detected mostly during their periods of use in each of the study areas. Th e most distinguishable trends in degradate fraction values for these compounds were at the Indiana and California sites (Fig. 8) . For the California sites, the upper, middle, and lower sampling sites are included on the same plot. Th e degradate fraction values in Indiana for chlorpyrifos OA and malathion OA returned to nondetectable levels within 6 wk of initial detection (Fig. 8A, 8C, 8D ). In California, considering the low concentrations found in these samples, the degradate fractions of chlorpyrifos OA, diazinon OA, and 1-napthol seem to be relatively constant to increasing throughout the period of detection (Fig. 8B, 8E, 8F) , which is refl ective of their relatively short persistence in the atmosphere and timings of application, which may be spaced throughout the period of detection.
Deethylatrazine tends to persist in rain for a longer period of time after application of the parent compound than do the organophosphate OA degradates detected during this study. Additionally, the DEA fraction in rain shows an increasing trend throughout the summer months after application, whereas the degradate fractions of the insecticide degradates show no consistent trend during or after the period of application in the area.
Pesticide Deposition
Th e total weekly (or rain event in California) wet deposition of each pesticide analyzed in the study was calculated using the measured concentrations and total precipitation amounts (Table  2) . Total wet deposition of pesticides in California was calculated using data from the middle site only. Th e total wet deposition at the Maryland, Indiana, and Nebraska sites was dominated by herbicides, which accounted for at least 91 to 98% of the total pesticide mass deposited (Fig. 9) . Th is was not unexpected because herbicide use greatly exceeded insecticide use at these sites where corn and soybeans were the predominant crops. Th e largest contributors to the depositional mass of herbicides at these three sites were atrazine, acetochlor, and metolachlor (plus pendimethalin in Maryland). Carbaryl, malathion, malathion OA, and chlorpyrifos were the insecticide compounds composing the largest percentage of the insecticide mass deposited by the rain. At the middle site in California, 21% of the total pesticide wet deposition consisted of herbicides in 2004, compared with 94% of total pesticide deposition in the partially monitored season of 2003 (most of this herbicide deposition was from one event and was probably caused by drift from a local application). In California in 2004, the herbicides simazine (11%) and pendimethalin (4%) accounted for about three fourths of the herbicide component of the total deposited mass of pesticides in rain; however, insecticides accounted for 60% of the total wet deposition at the California site in 2004. Insecticides that contributed most of the total mass of pesticides in all wet deposition in California included diazinon, methidathion, and chlorpyrifos. Additionally, the fungicide iprodione ranked third in mean yearly wet deposition.
Total 
Local versus Long-Range Sources
Th e data from this study show that proximity to application areas strongly infl uences the occurrence of pesticides in rainfall. For example, in Nebraska the local-scale use of trifl uralin in 2003 resulted in high detection rates and concentrations in rain during the application season. Majewski et al. (1998) found similar results for trifl uralin in airborne pesticide residues along the Mississippi River. Th e absence of local-scale pesticide use at the Indiana site in 2004 (for pesticides that were analyzed during this study) was likely largely responsible for a 70% decrease in atrazine wet Although local pesticide use is a major determinant of the types and mass of pesticides present in wet deposition, regionaland long-range atmospheric transport may be responsible for a portion of the mass loading of some pesticides in some watersheds. Insecticides and herbicides were detected in rain samples in watersheds with no reported local-scale use of those compounds. Insecticides detected in samples from areas with no reported localscale use included malathion, carbaryl, diazinon, and methidathion, indicating long-range atmospheric transport from use in the intermediate-or broad-scale watershed. Malathion and malathion OA were detected in Nebraska (sporadic, low-level detections) and in Indiana (consistent, lowlevel detections during July and August of both years) despite the absence of reported agricultural use of the insecticide at any scale in Nebraska and only broad-scale use reported in Indiana. Assuming accurate pesticide usage reports, the malathion and malathion OA detections were likely a result of long-range atmospheric transport of the insecticide into the study area. Carbaryl also had the third highest annual mean wet deposition of all insecticides in Nebraska (after chlorpyrifos and azinphos-methyl, both of which had greater intermediate-and broad-scale use), even though there was no reported local use of carbaryl.
In California, diazinon was detected in all rain samples collected, even though there was no reported local-scale use but substantial use at the intermediate scale. Th is result indicates that intraregional atmospheric transport throughout the rainy season was the source of diazinon in rain. Diazinon was detected in the stream water of Mustang Creek, which drains the local-scale area. Because there was no use in the watershed, the only measured or reported source of the pesticide in the watershed was from the rainfall (Domagalski et al., 2008) . As evidence for intraregional transport, the highest concentrations in rain for carbaryl and methidathion at the California sampling sites occurred on 16 Dec. 2003 (Table 2D) , well before the dormant orchard spraying normally begins in the local-scale area. Th ese insecticides were used on other crops at the intermediate and broad scales and likely were transported atmospherically into the local-scale area.
Several herbicides were found in rain falling in areas with no reported local use of the compounds, including pendimethalin, acetochlor, and dacthal. Pendimethalin was found in multiple samples at all four study areas, even though no local use was reported for any of the sites. Th ere was substantial use of pendimethalin at the intermediate scale of all four study areas; in mass, applied pendimethalin ranked fourth nationally among the pesticides analyzed in this study (Table 1) . Th is result indicates that the mid-to long-range transport of pendimethalin is important. Similarly, acetochlor was detected in rain at the Maryland site where there was no reported local-scale use. Th ere was, however, substantial use in the intermediate-and broad-scale watersheds. When compared with acetochlor concentrations in rain in the other corn/soybean areas in Indiana and Nebraska, however, the median acetochlor concentrations measured in Maryland were at least fi ve to seven times lower, consistent with a longer transport distance from the source to the sampling site. Dacthal was detected at low levels at every site and in 70% of all samples. Th e low concentrations observed at all the study sites throughout each sampling season indicate that dacthal is well mixed in the atmosphere and likely undergoing long-range transport. Other studies have shown dacthal to be environmentally stable, widely detected in the atmosphere Majewski et al., 2000) , and prone to long-range transport (Rice and Chernyak, 1997) . Figure 10 illustrates that a large percentage of the total wet deposition at these sites is often related to a few weekly samples or storm events. Generally, the substantial deposition is associated with large storms that occur shortly after pesticide applications in the local area. Most of the instances of this phenomenon at the four sites analyzed during this study involved herbicides (simazine, atrazine, acetochlor, metolachlor, and alachlor), although one storm in California in December 2003 deposited a large mass of two insecticides (diazinon and methidathion). ) was 26% of the year's total wet deposition of pesticide at that site. In Indiana, wet deposition of atrazine and acetochlor during the week of 27 May 2003 accounted for 37% 
Timing of Pesticide Deposition
Relative Contributions
Th e contribution of pesticides in rain can be compared with the total pesticide mass applied to a watershed to determine the relative contribution of wet deposition of pesticides to the total input of pesticides in an area. Tables 3A and 3B show the deposition of pesticides (total mass and as a percent of application) to the studied watersheds with the assumption of uniform distribution of rainfall over the entire basin. Although this may not be an accurate assumption for the larger-scale watersheds, it is an estimate of the magnitude of the mass deposited in these predominantly agricultural areas. Relative to the total mass of pesticides applied, the growing season total wet deposition of pesticides in rainfall at the local scale ranged from 0.06 to 1.73% (Tables  3C and 3D ). At the broad scale, the wet deposition of pesticides relative to the total mass applied was less variable (range, 0.21-0.60%). By comparison, the mass deposited by rain relative to the amount applied was less in Maryland than in Nebraska and Indiana in 2003 (California was only a partial year in 2003), whereas in 2004 the ratio for Nebraska was greater than that for Maryland, Indiana, or California. 
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